Abstract. We study the α = J2/J1-dependence of the magnetization process in the J1-J2 model on a square lattice with frustrating couplings J2 along the diagonals. Perturbation expansions around α = J2/J1 = 0 and α −1 = 0 yield an adequate description of the magnetization curve in the antiferromagnetic and collinear antiferromagnetic phase, respectively. The transition from one phase to the other (0.5 < α < 0.7) leaves pronounced structures in the longitudinal and transverse structure factors at p = (π, π) and p = (0, π).
Introduction
Magnetization processes in quasi one-dimensional quantum spin systems have been studied intensively during the last years. The Oshikawa, Yamanaka and Affleck quantization rule [1] predicts possible plateaus in the magnetization curve at certain rational values of the magnetization M , which can be derived either from the geometry of the unit cell or a mapping onto a one-dimensional system with modulated couplings [2] .
In the latter formulation, the plateaus appear at those values where the wave vector of the modulation coincides with the soft mode momenta of the unperturbed system. The existence of soft modes (zero energy excitations) is guaranteed by the Lieb-Schultz-Mattis theorem [3] for translation invariant, one-dimensional systems with finite-range couplings. A rigorous extension of this important theorem to two and three-dimensional systems does not exist to date. For this reason, the Oshikawa, Yamanaka and Affleck quantization rule cannot be applied in a straightforward way to predict possible plateaus in the magnetization curves of two-and three-dimensional systems.
Experimental results, however, just concern compounds with a higher dimensional coupling structure as there are:
(A) CsCuCl 3 (Ref.
[4]) Here, a plateau has been found at M/M s = 1/3 (M s = 1/2 is the saturating magnetization). An explanation of this feature has been given in reference [5] .
(B) NH 4 CuCl 3 (Ref.
[6]) Here, magnetization plateaus have been found for M/M s = 1/4, 3/4. The compound is suggested to be built up as a two-dimensional structure of interacting two leg zig-zag ladders [7] . In this paper we are going to study the magnetization process in a two-dimensional spin-1/2 Heisenberg model with Hamiltonian
with isotropic couplings
for nearest and next-to-nearest neighbour sites x and y:
1 and2 denote lattice vectors in horizontal and vertical directions. For convenience we choose the nearest neighbour coupling to be one (J 1 = 1, i.e. α = J 2 /J 1 = J 2 ) and use
for the Fourier transform of the spin operators on the square lattice. If we assume periodic boundary conditions the Hamiltonian (1.1) is translationally invariant. Moreover it commutes with the total spin operators S 2 (p = 0) and
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The magnetization curve M = M (B) is computed from the energy differences , p s , α) .
( 8) where the latter equations hold for clusters with size N = L × L, L even and periodic boundary conditions. Therefore, the transition between two subsequent ground states as they enter on the left-and right-hand side of (1.6) is accompanied by a momentum transfer
(1.10) decays into two nearest-neighbour Hamiltonians on the even and odd sublattices, respectively. The nearestneighbour couplings are defined here along the diagonalŝ 1+2,1−2. Seen from the original lattice, the diagonals are rotated by ± π 4 . Moreover, the lattice constant increases by a factor √ 2. We conclude from this that the momentum transfer between the two subsequent ground states in (1.6) is here
(1.11)
The change from (1.9) to (1.11) signals a phase transition from antiferromagnetic to collinear antiferromagnetic order [14] . Linear spin wave theory predicts that the regimes for antiferromagnetic and collinear antiferromagnetic order are restricted to α < 0.4 and α > 0.55, respectively. In between a phase with transverse disorder has been suggested [15] .
We pursue the following strategy to study the impact of frustration on ground state energies and magnetization curves: We derive perturbation expansions in α and α −1 , which are aimed to describe adequately the behaviour in the antiferromagnetic and collinear antiferromagnetic phase, respectively. Comparison with computations on finite clusters indicates that the perturbation results agree for α < 0.5 and α > 0.7, respectively. The regime inbetween which is not accessible by perturbation methods is of special interest. Here, we expect the emergence of plateaus in the magnetization curve [15, 16] .
The outline of the paper is as follows: In Section 2 and Appendices A and B we present the results for the ground state energies obtained from perturbation expansions around α = 0 and β = 1/α = 0.
Free energies and magnetization curves are discussed in Section 3. Numerical results on the lowest frequency moments of the dynamical structure factor for momenta q = (π, π) and q = (π, 0), (0, π) are given in Section 4.
From antiferromagnetic to collinear antiferromagnetic order
In the antiferromagnetic phase α < α 0 (M ) perturbation theory up to second order yields for the lowest eigenvalue of H 1 + αH 2 in the sector with magnetization M = s/N :
where
are the expectation values of H 1 and H 2 determined for the unfrustrated ground states |0 (i.e. H = H 1 ). The second order contribution δ 2 (M ) can be expressed in terms of the transition probabilities | n|H 2 |0 | 2 and energy differences E n − E 0 between the ground state |0 and the excited states |n :
The M -dependence of 1 (M ) and 2 (M ) is shown in Figure 1a and 1b respectively for system sizes N = 4 × 4 (with periodic boundary conditions) and N = 5 × 5 ∓ 1 = 24, 26 (with helical boundary conditions). The data points for 1 (M ) nicely scale in M ; deviations from scaling appear in 2 (M ) for smaller M values.
Numerical results for the second order contribution δ 2 (M ) obtained with the recursion method [17] are shown in Figure 2 . Scaling in M is realized for larger M -values (M > 0.3). For M = 0 and M = 1/4, the N = 4 × 4 = 16 data significantly deviate from the larger system results with N = 5 × 5 ∓ 1. We suggest that the deviations from scaling in 2 (M ) (Fig. 1b ) and δ 2 (M ) (Fig. 2) arise from peculiarities of the 4 × 4 system [18] and that the thermodynamical limit is fairly well approximated by the larger system results.
In the collinear antiferromagnetic phase α > α 0 (M ) perturbation theory in β = 1/α to second order yields
